Background: Circulating inflammation markers are being increasingly measured in prospective cohorts to investigate cancer etiology. However, it is unclear how the measurements are affected by the freeze-thaw cycles of the specimens prior to marker analysis. Methods: We compared concentrations of 45 inflammation markers between paired serum vials of 55 participants in the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial that have undergone one (T1), two (T2), and three (T3) freeze-thaw cycles at the time of assay. We computed the difference of analyte concentrations across paired vials (T1 vs. T2, T2 vs. T3) and tested whether the difference deviated from zero using the Wilcoxon signed-rank test. We also calculated Spearman rank correlation and weighted kappa statistics for T1 vs. T2 and T2 vs. T3 comparisons to assess agreement in rank ordering of subjects. Results: Measurements between paired T1 and T2 samples were largely similar, with the difference not statistically deviating from zero for 36 of the 45 markers. In contrast, tests of the difference between paired T2 and T3 samples were statistically significant for 36 markers. However, the rank ordering of participants by marker concentration remained largely consistent across T2 and T3 samples, with Spearman correlation coefficients >0.8 for 42 markers and weighted kappas >0.7 for 37 markers. Conclusion: We recommend that studies measuring inflammation markers use previously unthawed specimens to the extent possible, or match on the number of prior freeze-thaw cycles in nested casecontrol studies.
Introduction
Inflammation markers, including cytokines, chemokines, and other immune markers, are a diverse group of small secreted soluble proteins acting as mediators of B and T cell responses to infection, inflammation, and other immunological processes, which are suspected to play critical roles in cancer development [1] . Circulating levels of these analytes have been increasingly measured in epidemiologic studies as biomarkers of inflammation or immune dysregulation, and multiplex detection technologies have made it possible to simultaneously measure a large number of markers with a limited sample volume [2] .
Prospectively collected serum or plasma samples in population cohorts offer the opportunity to measure pre-diagnostic circulating levels of inflammation markers and investigate their associations with subsequent disease outcomes. Such pre-diagnostic cohort samples may be used for multiple scientific projects, and often stored in freezers in volumes larger than needed for any given investigation, requiring a thawing step to prepare samples into adequate aliquot sizes. Investigators planning to measure inflammation markers using banked specimens are often faced with the question of whether to use previously unthawed serum (''parent vials") or stored serum aliquots created from previously thawed parent vials. The former approach is typically recommended by assay vendors and laboratories to minimize potential changes in protein concentrations due to freeze-thaw effects, while the latter approach avoids thawing of parent vials and safeguards biospecimens for future projects. It is thus important to evaluate how freeze-thaw cycles may impact the measurement levels of inflammation markers in banked serum.
To address this question, we designed a study to assess how inflammation marker levels change between serum samples that experienced a total of 2 controlled thaws prior to assaying (the thaw for aliquotting and the thaw for marker analysis; T2) and samples that had undergone one additional prior freeze-thaw cycle (i.e., 3 total thaws; T3). We also measured marker levels in serum samples that were analyzed immediately after one thaw (T1) as a gold-standard reference.
Materials and methods

Study design and samples
We used serum samples from 55 healthy subjects in the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, each with two banked serum vials (1.8 mL each) collected from the same blood draw at study entry. Details on the specimens collected in the PLCO Trial were described elsewhere [3] [4] [5] [6] . Briefly, serum samples were collected from consented intervention arm participants, processed within two hours of the blood draw, centrifuged for either 15 min at 1200g or 6 min at 3900g, and stored at À70°C or lower. Samples included in this experiment had been stored in freezers for a range of 14-21 years prior to this study, with a median of 18 years (interquartile range: 16-20 years).
A summary of the experimental design and procedures is provided in Supplementary Fig. 1 . On Day 1, we thawed the #1 vial of all subjects overnight in a refrigerator (2-8°C) and created two 400 lL aliquots. For each subject, one of the aliquots was further centrifuged with the supernatant transferred to a new tube to avoid debris, creating the T2 specimen. We returned all aliquots immediately to a À80°C freezer to re-freeze. On Day 7, we thawed the other 400 lL aliquot of each subject overnight in a refrigerator, centrifuged the samples, and transferred the supernatant to new tubes, thus creating the T3 specimen. All tubes were returned immediately to À80°C. Between Days 8 and 12 (Day 8+), we thawed the #2 vial of all subjects overnight in a refrigerator, centrifuged, transferred the supernatant to new tubes, and made a 400 lL aliquot, thus creating the T1 specimen. In summary, at the time of assay, T3 samples had experienced a total of 3 controlled thaws prior to assay (Day 1, Day 7, and Day 8+), whereas the T2 and T1 samples had experienced 2 (Day 1 and Day 8+) and 1 (Day 8+) thaws, respectively. The T1, T2, and T3 specimens of the same subject were then assayed together shortly thereafter on that same day.
Inflammation marker testing
Circulating levels of 45 inflammation markers were measured across 5 multiplexed Luminex bead-based assays (EMD Millipore, Billerica, MA; Supplementary Table 1 ). All samples were assayed in duplicate. Samples from the 55 subjects were divided into 5 batches and assayed on consecutive days (Day 8+). The T1, T2, and T3 specimens of the same subject (i.e., 6 wells per subject) were assayed immediately adjacent to one another on the same plate. Besides the manufacturer-provided quality control (QC) samples (duplicates of 2 samples; n = 4), we inserted three blinded QC replicates of pooled serum (n = 6 wells) in every batch. We calculated the concentrations of markers using a four or fiveparameter logistic curve fit model using measurements from a set of 7 standard concentration samples included on each batch. Based on the analyte concentrations from the blinded QC sample included in triplicate in each of the five batches, we observed relatively small intra-batch coefficients of variation (CVs) (median 3%, ranging between 1% and 21%; Supplementary Table 1) , and slightly larger inter-batch CVs (median 15%, ranging from 3% to 55%), comparable to those observed in a previous reproducibility evaluation of these panels [2] .
Statistical analysis
All statistical tests were two-sided with an alpha of 0.05. For each marker, the percentage of paired samples (i.e., T1 vs. T2 and T2 vs. T3) with measurements above the lower limit of quantitation (LLOQ) was compared using McNemar's test (Supplementary  Table 2 ). We restricted our analysis to markers with measurements above the LLOQ in all paired vials for at least 40% of subjects; 45 of the 51 markers met this criterion, excluding FGF-2, IL-3, IL-33, IL-7, TNF-B, and TSLP. We used the Wilcoxon signed rank test to test whether the absolute difference in measured marker concentrations between the paired samples (T1 vs. T2, T2 vs. T3) deviated from zero. We also calculated the percent difference between the paired samples (i.e., 100% Â (T3 À T2)/T2 and 100% Â (T2 À T1)/ T1) to facilitate the graphical presentation of results across analytes ( Fig. 1 and Supplementary Table 3 ). We also calculated the Spearman rank correlation coefficients for the paired measures to assess the extent to which the rank ordering of analyte concentrations across subjects was preserved ( Fig. 2 and Supplementary Table 3 ). These calculations were done both among all participants and in the subset of participants with measurements above the LLOQ in both samples; as results were very similar, we only present the latter in this report.
Additionally, we conducted analyses of categorized analyte concentrations, evaluating the agreement in rank ordering of analyte categories with the use of weighted kappa coefficients (Supplementary Table 4 ). Markers with detectable concentrations in >75% of samples were categorized into quartiles using T1-, T2-, and T3-specific cutpoints; markers with 50-75% detectability were categorized as less than LLOQ and tertiles of detectable measurements (also 4 groups); and markers with 40-50% detectability were categorized into 3 groups, with values below the LLOQ in the lowest category and the remaining categories split using the median among samples above the LLOQ.
Results
The proportions of measurements below the LLOQ were comparable between the paired samples for all 45 markers (Supplemental Table 2 ). Marker concentrations between T1 and T2 were largely similar; the absolute difference significantly deviated from zero for only 9 of the 45 markers (BCA-1, CRP, IL-1RA, IL-29 IFNL1, MCP-4, MDC, MIP-1D, SAP, and SDF-1A + B), with the mean percent difference ranging from À10% to 13% (median: À1%) ( Fig. 1 and Supplementary Table 3 ). In contrast, tests of the difference between T3 and T2 measurements were statistically significant for 36 markers (all but 6CKINE, G-CSF, IL-1RA, IL-29 IFNL1, MDC, SAA, SDF-1A + B, SIL-4R, and STNFRI), with the mean percent difference ranging between À1% and 52% (median: 10%).
However, the rank ordering of participants by marker concentration remained largely consistent across the T2 and T3 samples ( Fig. 2 and Supplemental Table 3) , with Spearman correlation coefficients >0.8 for 42 markers (and >0.9 for 32 markers). Spearman correlation coefficients were similarly strong when comparing measurements across the T1 and T2 samples, exceeding 0.8 for 41 markers. The weighted kappas for agreement in categorical grouping between the paired samples were also generally high, exceeding 0.7 for 41 markers in the T1 vs. T2 comparison, and 37 markers in the T2 vs. T3 comparison (Supplementary Table 4 ). Most markers with a weighted kappa <0.7 were found in the SR9P1 panel (i.e., 3 out of 4: SEGFR, SVEGFR2, SIL-4R in the T1 vs. T2 comparison; 6 out of 8: SEGFR, SGP130, STNFRI, SVEGFR2, SIL-4R, and SVEGFR3 in the T2 vs. T3 comparison).
Discussion
We conducted this methodologic study to evaluate how inflammation marker levels change between serum that has undergone one prior freeze-thaw cycle and serum previously unthawed at the time of sample selection (T3 and T2, respectively), and how these levels compared to those measured in samples that were analyzed immediately after being thawed (T1); that is, we compared how inflammation marker levels differed when samples have undergone 3, 2, and 1 freeze-thaw cycles, respectively, at the time of marker analysis. We observed statistically significant differences in concentration between the T2 and T3 samples for most markers included in the analysis, while the differences in analyte concentrations between T1 and T2 were generally small and not statistically significant. However, whether comparing T3 to T2 samples or T2 to T1 samples, we observed strong rank corre- 2 Calculated among parƟcipants with measurements above the detecƟon limit for both of the paired samples 3 Wilcoxon signed rank test P value comparing absolute difference of marker measurements between the paired samples 1 Calculated among parƟcipants with measurements above the detecƟon limit for both of the paired samples; T3, T2, and T1 samples have undergone 3, 2, and 1 freeze-thaw cycles, respecƟvely, at the Ɵme of marker tesƟng lation and weighted kappa coefficients comparing continuous and categorized marker concentrations. Taken together, these findings suggest that for most inflammation markers, concentrations did not change much when comparing samples assayed immediately after the thaw (T1) to samples that suffered one additional freeze-thaw cycle due to sample aliquotting (T2), but the use of previously thawed serum samples that have undergone three freeze-thaw cycles at the time of marker testing (T3) can lead to a different measured absolute concentration. However, the magnitudes of observed differences, even when statistically significant, were typically small (median: 10%) and the rank ordering of marker concentrations across subjects generally remained intact.
Our results were generally consistent with others in the literature, although previous studies were conducted based on a smaller number of subjects and a limited number of analytes. A comparison of our findings with the literature is summarized in Table 1 . TNFa, a marker that was examined in seven studies [7] [8] [9] [10] [11] [12] , was found to be relatively stable through the freeze-thaw cycle. Similar to our findings, most studies found the TNFa concentration changes to be within ±10% whether in samples that had gone through three, compared to two, or two, compared to one, freeze-thaw cycles prior to assay. One exception was the study by De Jager et al. [8] , which observed a larger increase in measured TNFa concentrations with additional freeze-thaw cycles (a $45% increase from T1 to T2 and a $20% increase from T2 to T3). Available data for the other markers evaluated in previous studies also showed marker concentration changes by an additional freezethaw cycle to be mostly within ±10%.
We found that measured inflammation marker levels generally tended to be higher, rather than lower, in the T3 than T2 samples. Data in the literature on this subject are still scarce, but there are a number of proteins that have shown an increase in marker concentrations after an additional freeze-thaw cycle, while others have shown a decrease [8] [9] [10] [11] [12] . It may be possible that an analyte was bound by another molecule or receptor and the freeze-thaw event released the analyte from this state, leading to a higher analyte level after the additional freeze-thaw process. Potential sample evaporation could be another reason why some studies observed a higher analyte level after the additional freeze-thaw cycle. Future studies of adequate sample size on a large number of analytes are needed to confirm our findings.
Our study has several strengths, including a relatively large sample size and large number of analytes evaluated. We used samples from healthy participants in the PLCO cohort, a general population cohort and widely used resource for prospectively molecular epidemiologic studies, to maximize comparability of specimens with an actual PLCO study. A limitation of our study is its relatively narrow scope, in that we only evaluated the differences of up to thrice-thawed specimens at the time of assay. We designed our study to evaluate this specific question because it is particularly germane to the design of serum-based nested case-control studies within cohorts. Given that unthawed serum and plasma vials within repositories are highly valued, and over time become increasingly scarce, it is important for their preservation to restrict their use when possible. Samples not previously thawed prior to assay are not typically available in cohort studies, but were added as a gold standard reference. Given the large number of markers evaluated, some observed differences could have arisen due to chance. However, had we used a Bonferroni-corrected alpha of 0.001, we still would have observed statistically significant differences in marker concentrations between T2 and T3 for the majority of analytes. In addition, some observed differences could result from assay variability; this was not generally observed across all markers but was apparent for MCP-4 which had an intra-batch CV of 21% and SCF with an intra-batch CV of 17%. Markers with a lower kappa agreement tended to reside in the SR9P1 panel; we however didn't observe a higher intra-batch CV for any of those markers. Inter-batch CVs were not relevant since we assayed all paired and duplicate samples adjacent to one another in the same batches.
We also note that samples for this experimental study were processed in a very controlled fashion designed to evaluate the specific question under study, the variability between the paired samples focused on the additional freeze-thaw cycle. Other preanalytical factors can also potentially affect measured analyte con- Table 1 Comparison of our study findings with the literature. 2 Used citrate plasma samples collected from 9 asymptomatic adults that had gone through 1, 2, and 3 freeze-thaw cycles prior to bead-based immunoassays, compared to fresh samples analyzed 2 h within collection. 3 Spearman Correlation of thrice-and twice-thawed samples, compared to fresh samples, and twice-and once-thawed samples, compared to fresh samples. 4 Used cytokine induced heparin whole blood samples from 3 healthy individuals that had gone through multiple free-thaw cycles prior to multiplex immunoassays. 5 Used a 3000 pg/mL multi-analyte control sample reconstituted with human serum from a healthy subject that was split into four samples corresponding to 1 to 4 freezethaw cycles prior to multiplex immunoassays. 6 Used EDTA plasma samples from 22 healthy subjects repeatedly freeze-thawed for up to 6 cycles prior to ELISA assays. 7 Used serum and/or plasma samples from 3 HIV-seropositive and 4 HIV-seronegative individuals with freeze-thaw cycles conducted 1, 2, 3, 4, 5, and 10 times on sequential days prior to ELISA assays. 8 Used serum and plasma samples from 3 healthy volunteers that had gone through up to 6 freeze-thaw cycles prior to radioimmunoassays.
centrations, such as variation in sample collection and handling, and storage conditions and length, and should be controlled for in the design of a nested case-control study wherever possible. Variability in such sample factors or those related to subject exposures should not be a plausible explanation for the observed differences in analyte levels by increasing freeze-thaw in this study, since paired samples were all originating from the same source vial collected from the same subject.
Conclusions
We observed little changes in the concentrations of inflammation markers between samples that have undergone one versus two freeze-thaw cycles, but statistically significant changes in the absolute levels of inflammation markers after samples have undergone three freeze-thaw cycles at the time of marker analysis. However, the rank ordering of marker concentrations across subjects was generally preserved up to three freeze-thaw cycles. Based on our findings, we recommend that future studies measuring circulating inflammation markers select previously unthawed specimens when possible. Nested case-control studies within cohort studies may use samples that have undergone one prior freezethaw cycle at the time of sample selection, but in such cases we recommend that controls be matched to cases on the number of prior thaws.
